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Introduction 30
Aluminium sulphate is probably the most widely used coagulant in the treatment 31 of raw waters for the production of drinking water. The resultant aluminium-based 32 water treatment sludge is a two-phase mixture of solids and water and its water 33 content is generally in the level between 99% (before thickening) and 95% (after 34 thickening). Such sludges are often regarded as 'difficult to dewater' (Zhao and 35 Bache, 2002) . The conditioning of the sludge lies in the improvement of its 36 dewaterability in subsequent mechanical dewatering operation. 37
Organic polymers among many other chemicals, such as ferric salts and lime etc. 38 are most widely employed conditioners in water and wastewater industry. However, 39 the use, especially the improper use, such as overdosing, of polymers may cause a 40 problem in the supernatant water generated during sludge dewatering. Such 41 supernatant water is usually discharged into a nearby stream or a sanitary sewer. In 42 addition, residual polymers in dewatered sludge cakes may pose a long-term risk to 43 surround environment when the cakes are subject to landfill as the final disposal. As is 44 known the polymers are mainly made of acryl amide and acrylate, they can be one of 45 possible toxic chemicals to aquatic animals and human bodies at certain concentration 46 even though they are sometimes biodegradable (Bolto and Gregory, 2007) .
3 It is noted from the literature that a considerable number of studies have been 48 carried out to explore Fenton reagent (hydrogen peroxide and ferrous sulphate) as an 49 alternative chemical conditioner for different sludges (Mustranta and Viikari, 1993; 50 Lu et al. 2003; Neyens et al. 2003 , Neyens et al. 2004 Buyukkamaci, 2004; Kwon et 51 al. 2004; Dewil et al. 2005) . It should be pointed out that, for waste activated sludge, 52 the effect of Fenton reaction may lie in the degradation of extracellular polymeric 53 substances, which represent up to 80% of the mass of activated sludge (Frolund et al. 54 1996) . In such case, the addition of organic polymer remains necessary after the 55 Fenton reaction as pre-treatment and in some cases the optimal polymer dosage even 56 increases (Neyens et al. 2004) . Regarding water treatment sludge, Kwon et al. (2004) 57 reported that the enhanced sludge dewaterability and filterability after H 2 SO 4 /H 2 O 2 58 treatment were comparable to polymer conditioning. Obviously, more work is needed 59 to explore the effectiveness and impact of water treatment sludge conditioning under 60 Fenton reaction. 61
Factors to control the Fenton reaction process are the amounts of Fe 2+ and H 2 O 2 , 62 or the ratio of Fe 2+ /H 2 O 2 . Optimising such amounts plays a key role towards the 63 success of the Fenton process. A statistical-based technique commonly known as 64 RSM (response surface methodology) (Montgomery, 1991) as a powerful 65 experimental design tool has been increasingly applied in many fields including 66 wastewater treatment and sludge pretreatment to study the optimization of the 67 treatment process (SAS, 1990; Torrades et al. 2003; Benatti et al. 2006 ). However, it 68 has not been well exploited to optimize water treatment sludge conditioning using 69
Fenton reagent according to the literature survey. 70
In this study, Fenton reagent was employed to condition an aluminium-based 71 drinking water treatment sludge collected from a local water treatment plant. 72
Emphases are placed on: (1) the effectiveness of Fenton reaction in improving sludge 73 dewaterability, which was evaluated by CST (capillary suction time), and (2) the 74 optimization of Fenton reaction conditions (Fe 2+ , H 2 O 2 and pH) using RSM to achieve 75 the maximum CST reduction of the sludge. 76 77 2. Materials and Methods 78
Experimental Materials 79
The aluminium-based sludge used in this study was collected directly from the 80 underflow channel of the sedimentation tank of a local water treatment plant in 81 southwest Dublin. The plant employs aluminium sulphate as the coagulant for 82 flocculating reservoir water (with turbidity and colour at range of 0.3-3.0 NTU and 83 40-120 Hazen, respectively) at a typical dose of 42-60 mg L -1 . It is expected that the 84 Fenton's reagent may be explored as a preliminary alternative conditioner, followed 85 by conventional polymer conditioning with reduced dosage for an environmentally 86 safe manner in alum sludge conditioning process. Therefore, the sludge from the 87 original discharge stream was collected although it was obvious low in concentration 88 in this study. Properties of the alum sludge are listed in and initial pH as X 1 , X 2 and X 3 respectively, during the Fenton reagent conditioning. 116
The range of the experimental variables investigated were chosen according to 117 preliminary tests. These ranges and levels are presented in Table 2 . Fifteen runs were 118 required for a complete set of the experimental design and are shown in Table 3 . 119
The first step in the RSM is to find a suitable approximation for the true functional 120 relationship between the response (E) and the set of the independent variables. An 6 empirical second-order polynomial model for three factors was in the following form 122 (Montgomery, 1991) : 123
where E is the predicted response (CST reduction efficiency, %);  0 ,  i ,  ii and  ij 127 (i = 1, 2, 3 and j = 1, 2, 3) are the model regression coefficients; X i and X j (i = 1, 2, 3 128 and j = 1, 2, 3) are the coded independent variables (see Table 2 ). The coefficient 129 parameters are estimated by multiple linear regression analysis using the software of 130
Statistical Analysis System (SAS, 1990) . low reaction rate. The optimal dose for Fe 2+ alone addition to achieve highest CST 142 reduction was 350 mg g -1 DS -1 , at which only 16% of CST reduction efficiency was 143 obtained. However, combined use of H 2 O 2 and Fe 2+ , i.e. Fenton reagent, at the dosage 144 of 14 and 140 mg g -1 DS -1 for Fe 2+ and H 2 O 2 , respectively, could achieve a CST 7 reduction of 45%. This reflects the effectiveness of Fenton's reagent as an alternative 146 conditioner in alum sludge conditioning. 147
The effects of Fenton reaction time on alum sludge conditioning were investigated 148 at Fe 2+ /H 2 O 2 dosage of 14/17.5 mg g -1 DS -1 and 14/140 mg g -1 DS -1 , respectively, 149 while the pH of the sludge was kept its original without any adjustment. The results, 150 as illustrated in Fig. 2 , show clearly that the highest CST reduction occurred in the 151 initial period of reaction time for both cases, while prolonged reaction time could lead 152 to insignificant improvement of sludge dewaterability. The reason remains unclear in 153 the current study without further investigation. The maximum CST reduction 154 efficiency (%) was obtained at 1 min reaction for both the trends although lower 155 dosage corresponded to a relative low CST reduction efficiency. In spite of the fact 156 that such rapid reaction makes it questionable to implement this technology in 157 practice, it reflects the feature of Fenton reaction. 158
In order to provide the insight into such the characteristics, measurements of 159 chemical oxygen demand (COD) via Hach DR-2400 spectrometer (CAMLAB Ltd, 160 UK) and molecular size distribution (MSD) of dissolved organic substances using a 161 high-pressure size exclusion chromatography (HPSEC) for the sludge samples before 162 and after Fenton conditioning at different reaction times were carried out and the 163 results are shown in Table 4 and Fig. 3 . Results of COD measurements in Table 4  164 reveal that the Fenton reaction immediately oxidizes the organics in the sludge 165 regardless of the reaction time. Figure 3 provides the evidence that the MSD of 166 dissolved organic substances at reaction time of 1 min and 30 min exhibits very 167 similar trends, indicating the unnecessary in prolonging Fenton reaction time in 168 conditioning of the alum sludge. Compared with the MSD of raw sludge, it is clear 169 that the Fenton reaction degraded/broke the organics from large molecular sizes into 170 smaller ones via highly reactive hydroxyl radicals (Neyens et al. 2004 ). Therefore, it 171 is reasonable to address that the improvement of sludge dewaterability by the Fenton 172 reaction lies in the release of both interstitial water trapped between organics and 173 adsorbed or chemically bound water by the degradation of organics. It is noted that 174 Effects of initial pH in the range of 2 to 8 of the Fenton reaction at dosage of 178 Fe 2+ /H 2 O 2 = 14/140 mg g -1 DS -1 and reaction time of 1 min were examined. In 179 particular, the blanks for the pH adjustment alone were conducted while the 180 measurement of CST at the time of 10 min after pH adjustment was applied. The 181 results are jointly presented in Table 5 . The purpose of adjusting pH alone lies in the 182 reflection of the effectiveness of pure Fenton reaction in the sludge conditioning 183 studied. It can be seen from Table 5 that the pH adjustment alone has significant 184 effect on alum sludge dewaterability. The acidic environment can clearly improve 185 sludge dewaterability with pH of 4-5 being the best. This may be attributed to the 186 release of metal ions, such as Al and Fe from the sludge to promote the flocculation, 187 as demonstrated by Kwon et al. (2004) . The basic environment, however, exhibited 188 negative effect on the sludge dewaterability, as increased CST (negative CST 189 reduction) was obtained. The reason remains unclear. However, it is known that high 190 pH can decrease the amount of hydroxyl radicals, which is believed to be the driving 191 force towards the improvement of sludge dewaterability. By considering such the 192 influence of pH, the CST reduction efficiency at the pH of 6 in this study is the best 193 regarding the highest net CST reduction efficiency being obtained, as shown in Table  194 5. It is noted, however, that Lu et al. (2001) claimed the similar level of dewaterability 9 of an activated sludge when it was subjected to conditioning with Fenton reagent at 196 pH in the range of 2 to 7. Obviously, more work is desirable to explore such effect. 197 Figure 4 illustrates various ratios of Fe 2+ /H 2 O 2 in a wide range of Fe 2+ (3.5-2100 198 mg g -1 DS -1 ) and H 2 O 2 (3.5-3510 mg g -1 DS -1 ) in alum sludge conditioning. It is seen 199 that the CST reduction efficiency increases with increased Fe 2+ /H 2 O 2 dosage until a 200 certain ratio at which the reversible results were obtained. Although the enhancement 201 of sludge dewaterability occurred at a broad range of Fe 2+ addition, H 2 O 2 can only 202 beneficially affect the sludge dewaterability in a relative small range of less than 280 203 mg g -1 DS -1 except for the case of Fe 2+ addition of 2100 mg g -1 DS -1 , at which the 204 H 2 O 2 addition of up to 1750 mg g -1 DS -1 can still bring about the improved sludge 205 dewaterability. However, considering the lower amount of reagent addition, the best 206 dosage in current study seems at Fe 2+ less than 28 mg g -1 DS -1 and H 2 O 2 less than 280 207 mg g -1 DS -1 , as shown in Fig. 4 . Nevertheless, it appears that the H 2 O 2 concentration 208 plays an important role in Fenton reaction since excess addition of H 2 O 2 may lead to 209 the negative impact on sludge dewaterability. The reason may be attributed to the 210 amount of hydroxyl radicals. When H 2 O 2 concentration increases until a critical 211 concentration, a so-called scavenging effect occurred. Several references are available 212 with concern of the hydroxyl radical production on the effect of Fenton reaction (Lin 213 and Gurol, 1998; Torrades et al. 2003; Zhang et al. 2005) . 214 215
Optimization of Fenton's reagent operating variables using RSM 216
The results of the three-level experiments based on a Box-Behnken design are 217 presented in Table 3 
The predicted CST reduction efficiencies (%) via Eq. (3) are jointly shown in 222 Table 3 . A good agreement of the data between the experimental and the predicted 223 can be obtained with regression coefficient R 2 value of 0.925 (plotting not shown). 224
Thus, it is reasonable to believe that the polynomial model (Eq. 3) is a reliable model 225 to describe the Fenton reaction behaviour in the alum sludge conditioning. 226
The three-dimensional surface and the contour plot of the response (E, i.e. CST 227 reduction efficiency, %), generated by MATLAB 7.0, is an informative and visible 228 illustration to facilitate the relations between two interacting factors with the response, 229 while third factor was kept constant at its zero level. Figure 5 illustrates the response 230 under the coded variables of Fe 2+ , H 2 O 2 and pH. It can be seen from Fig. 5(a) that a 231 significant enhancement of CST reduction efficiency is observed when the H 2 O 2 232 concentration was increased. However, at higher concentrations of H 2 O 2 the reduction 233 rate was negatively affected. Thus, an excess of H 2 O 2 does not mean a continuous 234 increase in CST reduction of the conditioned sludge. Similarly, the CST reduction in 235 percentage increased with increasing the Fe 2+ concentration to a certain limit. 236
Obviously, there is an optimal dosage for both Fe 2+ and H 2 O 2 concentrations. In the 237 similar way, the 3D surface and the corresponding contour plotted in Fig. 5(b) show 238 that the combination of Fe 2+ concentration and pH has a significant effects on CST 239 reduction. Figure 5 Table 1 Properties of aluminium-based sludge used in this study 425 Table 2 Range and levels of natural and corresponded coded variables for RSM of 426
Fenton's reagent to condition alum-based water treatment sludge 427 
